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Abstract 
The search for efficient spin conversion in Bi has attracted great attention in spin-orbitronics. In 
the present work, we employ spin-torque ferromagnetic resonance to investigate spin conversion 
in Bi/Ni80Fe20(Py) bilayer films with continuously varying Bi thickness. In contrast with previous 
studies, sizable spin-transfer torque (i.e., a sizable spin-conversion effect) is observed in Bi/Py 
bilayer film. Considering the absence of spin conversion in Bi/yttrium-iron-garnet bilayers and 
the enhancement of spin conversion in Bi-doped Cu, the present results indicate the importance 
of material combinations to generate substantial spin-conversion effects in Bi.  
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The spin-orbit interaction (SOI) plays a pivotal role in spin-orbitronics [1], which is a 
family of modern spintronics enabling study on spin conversion physics [2] and practical 
applications for spin-torque and spin-Hall devices [3], wherein a mixed state of spin and orbital 
angular momenta provides rich fundamental physics and broad possibilities for practical 
spintronics devices. In spin-orbitronics, the current understanding is that the magnitude of the 
SOI determines, in principle, the efficiency of spin conversion. The magnitude of the SOI has 
been naïvely understood to be proportional to the fourth power of the atomic number Z [4,5], 
which means that heavy materials such as Pt, W, Ta and Bi have been considered as candidate 
materials for efficient spin conversion.  
The history of spin-orbitronics is the chronicle of a quest for materials with high spin- 
conversion efficiency. Platinum (Pt) is the central material in the field, and a number of significant 
spin conversion effects have been discovered in Pt, for instance, considerably large spin Hall 
angle (an index of spin-charge interconversion efficiency and defined as the ratio of spin current 
to charge current densities) of +0.1 by using spin Hall magnetoresistance [6] and +0.08~+0.09 by 
using spin-torque ferromagnetic resonance (ST-FMR) [7,8], magnetic damping [9], the inverse 
spin Hall effect (ISHE) [10], a tunable spin Hall effect from the dirty to the super-clean regimes 
[11], and ionic-gating-induced modulation of the spin Hall conductivity in ultrathin film [12]. 
Note that the magnitudeζof the SOI for the 5d electrons in Pt was calculated to be 46.1 mRy 
[13,14]. If the SOI of a material is the sole factor that determines the spin-conversion efficiency, 
Bi (ζ~106.8 mRy for the 6p electrons), which has been exhibiting fruitful condensed matter 
physics such as such electron fractionalization, bulk superconductivity, large ordinal 
magnetoresistance, and intriguing empty Dirac valley states [15-18], would exhibit the highest 
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efficiency of all non-radioactive elements [19], and this is the central reason for growing interest 
in Bi for spin-orbitronics. In fact, significant effort has already been expanded to realize the high 
spin-conversion efficiency using Bi.  
Despite the efforts to realize efficient spin conversion in Bi, long-term controversy remains 
because the reported spin Hall angle of Bi depends strongly on the measuring techniques used 
and the sample structures [20-25] and the magnitude is much smaller than those of Pt [5], b-Ta 
[26] and b-W [27], which contradicts the theoretical prediction that the SOI of Bi should be quite 
large. In fact, the recent study by Yue et al. using the spin Seebeck effect claimed a negligible 
ISHE in rhombohedral (111) Bi grown on yttrium-iron-garnet (YIG) [23]. Meanwhile, studies on 
spin conversion in Bi film using dynamical spin pumping reported a wide variety of sizable spin 
Hall angles (−0.071~+0.02) [20,21]. In particular, a surprising result is the sign inversion (from 
negative to positive) of the spin Hall angle of Bi that takes place for a Bi thickness of 2 nm [20], 
the physics of which remains inconclusive. Another notable aspect is that Bi impurities in a light 
element such as Cu exhibits quite large spin Hall angles (−0.24 [24] and +0.12 [25]), where each 
study reported a different sign of the spin Hall angle. These two studies exploited spin absorption 
and mesoscopic Hall-bar methods, respectively, but both used electrical methods.  
An additional open question in Bi-based spin-orbitronics is the appearance or absence of 
the inverse Rashba-Edelstein effect (IREE) in Bi/Ag bilayer film. Although studies have reported 
appearance of the IREE in Bi(111)/Ag [28,29] by using spin pumping, in NiFe/Bi/Ag by using 
ST-FMR [30] and in Bi(111)/Ge(111) by combining an optical method and the spin-pumping 
method [31], a study using the spin Seebeck effect [23] reported absence of the IREE. 
Consequently, spin conversion in Bi remains puzzling and under debate, so further investigation 
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of spin conversion in Bi-based materials systems is highly desirable to provide a deeper 
understanding of the underlying physics of spin conversion in Bi because material states (bilayer, 
trilayer, and impurities in the host material) and measuring methods (dynamical spin pumping, 
optical spin injection, and the spin Seebeck) can play significant roles in determining the spin 
conversion in Bi-based materials systems.  
Here in this study, we employ ST-FMR [6, 32]for a study of spin conversion in Bi and focus 
on Bi/Ni80Fe20(Py) bilayer film with a systematically varied Bi thickness to investigate the 
possible spin conversion in the film and the possible sign inversion of the spin Hall angle at Bi 
thickness of 2 nm. ST-FMR is one of the most conventional and established methods to 
understand spin-conversion physics. Thus, further evidence for understanding spin-conversion 
physics in Bi can be obtained using ST-FMR. In addition, as aforementioned, the interesting sign 
inversion of the spin Hall angle of Bi was reported only in the combination of Bi and Py under 
dynamical spin pumping. Thus, the use of ST-FMR to investigate Bi/Py bilayer enables providing 
important evidence regarding spin conversion in Bi.  
     The samples used in this study consisted of Bi(t mn)/Py(5 nm) grown by molecular beam 
epitaxy on a thermally oxidized Si substrate. The thickness t of the Bi was varied from 1.2 to 10 
nm by introducing a wedged structure on the same substrate. MgO (5 nm) and SiO2 (5 nm) were 
deposited on the top of the sample to protect the Bi from oxidation. Figures 1(a) and 1(b) show a 
schematic illustration of the sample and the measurement circuit, respectively. To measure ST-
FMR signals, a Bi/Py sample (20 μm × 130 μm) was fabricated using electron-beam lithography 
and Ar-ion milling in the signal line of a shorted coplanar waveguide. An rf current with an input 
power of 20 mW (13 dBm) was applied in the longitudinal direction of the sample with an in-
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plane external magnetic field µ0Hext at an angle of q=45° and 225° with respect to the longitudinal 
direction (see Fig. 1(b)). All measurements are carried out at room temperature.  
The FMR is caused by the Oersted field due to a charge current in the Bi layer. The 
field-induced FMR spectrum has an antisymmetric component in an output voltage at the 
resonance field. Meanwhile, a spin current due to the spin Hall effect in the Bi layer is injected 
into the adjacent Py layer and excites a spin-current-induced FMR, which has a symmetric 
component in the output voltage. The mixed FMR of these two components can be detected as a 
dc voltage via the rectification effect [6, 32], which can be expressed as, 𝑉 = −𝐶[𝑆𝐹!(𝐻"#$) + 𝐴𝐹%(𝐻"#$)],  (1) 
where C is a coefficient concerning the anisotropic magnetoresistance, 𝐹!(𝐻"#$) = Γ&/[(𝐻"#$ −𝐻'"()& + Γ&]  is a symmetric Lorentzian with a resonance field µ0Hres with 𝜇)Γ/2 
being the half width at half maximum of the ST-FMR spectrum, 𝐹%(𝐻"#$) = 𝐹!(𝐻"#$)(𝐻"#$ −𝐻'"()/Γ is an antisymmetric Lorentzian. The symmetric component S is relevant to the spin 
current density Js generated by the spin Hall effect of Bi, whereas the asymmetric component A 
is due to the sum of the Oersted field around the Bi wire and the field-like torque (i.e., the spin-
transfer torque ascribed to the ferromagnet/nonmagnet interface) and is relevant to the charge 
current density Jc. Thus, the spin-conversion efficiency h is relevant to the spin Hall angle and 
describes the ratio of spin current to charge current densities under the assumption of negligible 
spin-memory loss [33],  
𝜂 = *!*" = +, -.#/!0$%0&'ℏ 31 + /())2 53/&,     (2) 
where e > 0 is elementrary charge, tPy (=5 nm) is the Py thickness, ℏ is the Dirac constant, µ0Ms 
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(=0.72 T) is the saturation magnetization of 5-nm-thick Py [34], µ0Meff is the effective saturation 
magnetization, and µ0H is equivalent to the resonance field µ0Hres. Based on the aforementioned 
discussion and assumption, the estimated h can be the lower limit of the spin Hall angle.  
Figure 2(a) shows ST-FMR spectra from the Bi/Py sample as a function of microwave 
frequency of 7-14 GHz, when the Bi is 5 nm in thick and the external magnetic field was applied 
at 45°. The black solid lines in the figure are fits to Eq. (1) for all spectra, which determine the 
coefficients S and A. The spectra are well fitted by the sum of the symmetric and the antisymmetric 
components. Figure 2(b) shows the frequency as a function of the resonance field. A theoretical 
fitting using the Kittel equation reproduces the experimental results, which allows µ0Meff to be 
estimated as 0.77 T for a Py g-factor of 2.112 [35]. The µ0Meff of 5 nm-thick Py films was reported 
to be 0.79 T [34]. Therefore, the µ0Meff in this study is comparable to those in previous studies. 
To verify that this experimental scheme functioned as designed, we measured how the full width 
at half maximum of the ST-FMR spectra, μ0ΔH = 2μ0Γ, depends on Bi thickness, with the 
frequency set to 10 GHz and the external magnetic field set to 45° and 225° (see Fig. 2(c)). µ0DH 
increased monotonically as a function of Bi thickness at the magnetic fields of both 45° and 225°, 
which is attributed to the fact that the spin-pumping effect [8] from Py to Bi increases 
monotonically as a function of Bi thickness, and, as designed, the generated spin-transfer torque 
modulates the magnetization damping in the Py layer. Indeed, Bi thickness dependence of the 
Gilbert damping constant exhibits similar dependence, which also supports the spin-pumping 
effect from Py to Bi (see Supplemental Materials).  
Figure 3(a) plots the symmetric and the antisymmetric components (VS = CS and VA = 
CA, respectively) as functions of Bi thickness. To avoid an artifact originating from asymmetry 
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in the instrument, we averaged the amplitude of the symmetric and antisymmetric components 
for 45° and 225°. The spin-conversion efficiency η as a function of Bi thickness is estimated to 
be +0.03~+0.06 (see Fig. 3(b)) over the entire thickness range by measuring µ0Meff of Bi/Py films 
with various Bi thicknesses and using the linear extrapolation approach (see Supplemental 
Materials for details). As mentioned above, the spin-conversion efficiency η is the lower limit of 
the spin Hall angle, and the η in this study exceeds the spin Hall angle (ca. +0.02) obtained using 
spin pumping [20,21]. In a study of the ISHE and IREE in Py/Ag/Bi samples, Jungfleisch et al. 
reported ST-FMR from Py (9 nm)/Bi (4 nm) and observed a sizable IREE upon inserting Ag 
between the Py and the Bi layers. Nevertheless, no ST-FMR signal was detected in the Py/Bi film 
(i.e., no Ag layer) [30], which is the only report of the ST-FMR effect in Py/Bi. In the present 
study, however, sizable ST-FMR signals are detected. Thus, the present study provides another 
perspective for discussing spin-conversion physics in Bi-based materials systems.  
Note also the absence of the sign inversion of the spin Hall angle in Bi at around 2 nm 
in thickness. As discussed above, although η is not the same as the spin Hall angle, the two are 
closely related. The experimental results in the present study unequivocally indicate the absence 
of sign inversion in η, which is equivalent to the absence of the sign inversion in the spin Hall 
angle in Bi, despite the amplitude of η in this study not being precisely identical for the Bi 
thickness. 
The results obtained in this study also reveal the importance of materials combinations 
in Bi-based spin-orbitronics. When we neglect the difference in spin-injection methods, we find 
that spin conversion is detected in Bi/Py layered systems (ref. [20-22] and this study), but the 
efficiency is indeed less than that in Pt, W and Ta. In other studies, spin conversion vanished in 
 8 
Bi/YIG combinations [23]. Note, however, that spin conversion was detected in Bi/YIG upon spin 
pumping [22], but the conversion efficiency of 0.0001 is quite small. A significant spin-
conversion efficiency appears only when Bi is doped into a light material (ca. 1% doping in ref. 
[24] and d-doped in ref. [25]), which can correspond to the appearance of weak anti-localization 
in Bi-doped Si [36], where the doping concentration of Bi was 5×1019 cm-3 (i.e., merely 0.1% 
dopant concentration in the Si). Although the physics behind of the appearance of the large spin-
conversion efficiency only with the Bi as dopants remains inconclusive, further studies of spin 
conversion in Bi using different methods to unveil more detailed contributions such as spin 
memory loss and so on [37] and different material combinations and material states can pave the 
way for a precise understanding of the spin-conversion physics in Bi.  
In summary, spin conversion in Bi/Py bilayer films was studied using ST-FMR. In 
contrast to the previous studies, we detect sizable spin conversion via ST-FMR from Bi/Py 
samples with various Bi thickness. In addition, no sign inversion of the spin Hall angle is detected. 
Considering that spin-conversion effects are very weak in Bi/YIG, this study emphasizes the 
importance of the material combinations to produce spin-conversion effects in Bi.  
Supplemental Materials describe Bi thickness dependences of the Gilbert damping 
constant and of effective saturation magnetization of the Py.  
The data that support the findings of this study are available from the corresponding 
author upon reasonable request. 
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Figure captions 
FIG. 1. (a) Schematic of sample stacking. The Bi thickness is varied systematically from 1.2 to 
10 nm. (b) Schematic of ST-FMR measurement circuit. An external magnetic field is applied in 
plane and the angle θ is set to 45° or 225°.  
 
FIG. 2. (a) ST-FMR spectra from the Bi (5 nm)/Py (5 nm) sample, electric current frequencies 
ranging from 7 to 14 GHz. The black solid lines are fits. (b) Frequency dependence of resonance 
field. The red dashed line is a fit to the Kittel equation. (c) Full width at half maximum of the ST-
FMR spectra as a function of Bi thickness (f=10 GHz). The blue and red solid circles show the 
results with the external magnetic field applied at 45° and 225°, respectively.  
 
FIG. 3. (a) Symmetric (VS = CS) and antisymmetric (VA = CA) components as a function of Bi 
thickness. (b) Spin-conversion efficiency h as a function of Bi thickness. 
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Fig. 1 Matsushima et al.  
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Fig. 2 Matsushima et al. 
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Fig. 3 Matsushima et al. 
 
0 2 4 6 8 10
0.00
0.05
0.10
K
tBi (nm)
0 2 4 6 8 10
0.00
0.05
0.10
 Meff: Lerp.
 Meff = 0.77 T
K
tBi (nm)
0 2 4 6 8 10
0
5
10
 VS 
 VA 
V 
(P
V
)
tBi (nm)
Figure3
(a) (b)
Average
MS = 0.72 T *
Meff: lerp䛾場合
*APEX 11 013002 (2018).
Meff: 0.77 T䛾場合
